In soybean (Glycine max L. Merr.) combining resistance to cyst nematode (SCN; Heterodera glycines I.) with high seed yieldremains problematic. Molecular markers linked to quantitative trait loci (QTL) have not provided a solution. Sets of markers describing a collection of favorable alleles (linkats) may assist plant breeders seeking to combine both traits. The objective of this analysis was to identify linkats in genomic regions underlying seed yield and root SCN resistance QTL. Used were groups of cultivars selected from a single recombinant inbred (RIL) population derived from 'Essex' by 'Forrest' (ExF). The yield was measured at four locations. SCN resistance was determined in greenhouse assays. The mean seed yield was used to define 3 groups (each n = 30), high, medium and low. SCN resistance formed 2 groups (SCN resistant (n = 21) and SCN susceptible (n = 69)). Microsatellite markers (213) alleles were compared with seed yield and root SCN (Hetrodera glycines) resistance using mean analysis. The number, size and position of potential linkats were determined. Loci, genomic regions and linkats associated with seed yield were identified on linkage group (LG) K and with root resistance to SCN e on LG E, G, and D1b+W. A method to identify co-localized genomic regions is presented.
Introduction
Soybean [Glycine max (L.) Merr.] is one of the world's major crops (Singh and Hymowitz, 1999) grown commercially for its oil (16%) and protein content (42%). Seed yield has doubled over the last 30 years largely by selection of superior adapted cultivars (Specht et al., 2001) . However, in the same period soybean has proven susceptible to many diseases that reduce yields. Breeders have struggled to combine high seed yield with resistance to soybean cyst nematode (SCN; caused by Heterodera glycines I.) due to linkage drag and other unknown factors (Mudge et al., 2001; Yuan et al., 2002; Concibido et al., 2004; Kopisch-Obuch et al., 2005) . In contrast high seed yield has been readily combined with resistance to diseases like soybean sudden death syndrome (SDS; Hnetkovsky et al., 1996; Meksem et al., 1999; Prabhu et al., 1999; Iqbal et al., 2001) .
In soybean and other plant species, the majority of economically important agronomic traits like seed yield are controlled in a quantitative fashion (Mansur et al., 1993 (Mansur et al., , 1996 . Molecular markers have been used extensively to construct genetic and linkage maps (Song et al., 2004; Zhang et al., 2004; Kassem et al., 2006) and to identify quantitative trait loci (QTL) underlying valuable traits (Yuan et al., 2002; Kopisch-Obuch et al., 2005; Kassem et al., 2006 Kassem et al., , 2007a . However, simple selection of loci for SCN resistance combined with high seed yield has not eliminated the negative relationship between the traits when cyst pressure is low.
Possible explanations for the negative relationship between resistance to SCN and seed yield are sought. One possibility is that introgression of the genes for resistance to SCN has disrupted linkats, a collection of favorable alleles that are linked (Demarly, 1979) . In SCN susceptible soybean cultivars large regions where recombination rarely occurs have been detected (Lorenzen et al., 1996; Stefaniak et al., 2005) . However, the cultivars with the highest seed yield tend to have more than the mean number of recombination events on several linkage groups (C2, L and M). A second possibility is that the genes for resistance to SCN are themselves unfavorable to seed yield so that selection of new linkats at other genomic locations are needed to ameliorate those negative effects (Lark et al., 1995; Yuan et al., 2002) . Indeed there is strong evidence that the resistance allele of major gene for resistance to SCN (rhg1) is rigidly co-inherited with an allele on linkage group M, because embryo or pollen in-viability results from breaking this association (Webb et al., 1996) . Even
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when those alleles are co-inherited negative effects on of rhg1 on plant growth and development can be observed (Yuan et al., 2002; Kopisch-Obuch et al., 2005; Ruben et al., 2006) . Both the rhg1 and Rhg4 loci contain several candidate genes, but both include receptor-like kinases that appear likely to play a role in root development (Afzal and Lightfoot, 2007) .
Recent studies on analysis of soybean genomes (Obermayer and Greilhuber, 1999; Brown-Guedira et al., 2000; Grant et al., 2000; Shoemaker et al., 1996 Shoemaker et al., , 2002 Alkharouf and Mathews, 2004; Shultz et al., 2006) showed that the genome duplicated twice and regions of conserved homeology remain (Shoemaker et al., 1996; Grant et al., 2000; Blanc and Wolfe, 2004; Choi et al., 2004; Shultz et al., 2007; Schlueter et al., 2007) . The major genes for resistance to SCN on linkage groups A2 (Rhg4) and G (rhg1) both have 2 or more homeologous regions where conserved synteny is observed (Campbell et al., 2007; Afzal and Lightfoot, 2007) . Therefore, it is likely that regions separate from the loci underlying seed yield and resistance to SCN can be affecting those trait but would escape detection by normal method of QTL map development and locus based detection of epistasis.
The objective of this study was to identify interactions between linkats and loci underlying seed yield and SCN resistance. The analysis identified significant patterns of association between alleles at 213 microsatellite DNA markers, soybean genome structures and mean yield. Prediction was made of the genome structure capable of combining yield with disease resistance.
Materials and methods

Genetic material
The genotypes used in this study were the ExF96 population described by Lightfoot et al., 2006 . The marker data used was the 213 microsatellite markers from Kassem et al., (2006) . Markers were arranged in map order. Trait data were as described in Yuan et al., 2002 for seed yield and in Kassem et al., 2006 for resistance to SCN Hg Type 0.
Data classification
The groups were selected by ranking the genotypes for yield and disease resistance analysis. For seed yield two equal groups of 30 genotypes with lowest yield and highest yield were used. For disease resistance two groups were defined female index reported for five plants challenged with 2000 eggs of SCN Hg type 0 (race3; Yuan et al., 2002) . The two groups are resistant (FI<10) and susceptible (FI>10) with 21 and 69 genotypes respectively.
Statistical analysis
The ranked genotypes were used to count the number of alleles corresponding to each marker in map order. Allelic chains (multiple As or Bs) and recombination events (A juxtaposed to B) were counted. The means for each genotype corresponding to A, AA, AAA, AAAA, AAAAA, B, BB, BBB, BBBB, BBBBB, BA, AB, values were calculated. The 12 numbers obtained were then subjected to mean analysis to determine whether phenotype groups differed significantly. The number of allelic chains on each of the chromosome of the genomic structure were calculated and compared.
The mean was the sum of all the scores divided by the number of scores. The formula in summation notation is μ = ΣX / N, where μ is the population mean and N is the number of scores. Since the scores were from a sample, then the symbol M refers to the mean and N refers to the sample size. The formula for M is the same as the formula for μ. The mean is a good measure of central tendency for roughly symmetric distributions but can be misleading in skewed distributions since it can be greatly influenced by extreme scores. Therefore, distributions were tested for normality.
Results and discussion
Marker allele segregation
The data set used was identical to that reported in Kassem et al., (2006) . There were 12, 958 Forrest alleles and 12, 823 Essex alleles at all markers in the data set. That difference was not significant. Further Chi square showed no significant deviations for the expected 1:1 segregation ratio at any of the 240 markers used (heterogeneous scores were excluded). Therefore, segregation was not biased at any locus or across the whole data set. Recombination events showed evidence for non random distribution across linkage groups whether measure directly (not shown) or as linkats of Essex alleles ( Fig.  1 ) or Forrest alleles (Fig. 2 ). Linkat and recombination frequencies were significantly different in some genotype groups and some linkage groups (see below).
Correlation among traits SCN resistance and seed yield in non-SCN infested locations were not negatively correlated (r = 0.12, p = 0.1; Supplemental Fig. 1 ). The negative correlation may have been lost due to a low but significant yield loss to SCN in environments considered non-infested. Cysts were present but at less than 10 cyst per 100 cm 3 of rooting soil.
Disease resistance
Linkats were found on linkage groups (LG) A2, E, D1b and G that were significantly different between the SCN resistant and susceptible phenotype groups (n = 21 and n = 69) compared to the overall population distribution. There was a significant increase in the number and length of chains of Forrest alleles associated with the SCN susceptible group at LG E (p = 0.0001) and D1b (p = 0.01; Supplental Table 1 ). Conversely, there was a significant increase in the number and length of chains of Essex alleles associated with the SCN susceptible group at LG A2 (p = 0.045) and G (p = 0.009) and a significant decrease on LG E (p = 0.0005) and D1b (p = 0.05; Supplemental Table 2 ). Equally recombination events were depressed among the SCN resistant lines at these
LGs. Compared to the population as a whole there was a significant increase in the number of recombination event at LG G and concomitant decrease in the numbers and lengths of chains of Forrest alleles associated with the SCN resistant set. Considering only long linkats, those of more than 3 alleles, there was a significant decrease in the number and length of chains of Essex allele's as among the SCN susceptible lines on LGs A2 (p = 0.015), G (p = 0.0067), and M (p = 0.029). Long linkats of Forrest alleles were found in the disease susceptible group on LG D1b (p = 0.012) and LG E (p = 0.0002). Overall linkats and recombination events frequencies appeared to be similar in frequency across all LG of the two phenotypic sets but not at the particular linkage groups associated with Rhg genes (A2, G and M) present in Forrest and two linkage groups not known to have effects on resistance to SCN HG Type 0 (E and D1b).
Seed yield
Linkats were found on LG I and K that were significantly different between the high yield and low yield phenotype groups (n = 30). There was a significant increase (p = 0.0098) in the number and length of chains of Essex alleles associated with the high yield group at LG K but a decrease on LG I (p = 0.03; Supplemental Table 3 ). Conversely, LG I showed a significant increase (p = 0.002) in the number and length of linkats of Forrest alleles and a significant decrease on LG K (p = 0.00003; Supplemental Table 4 ). Longer linkats of 3 or more alleles showed a similar pattern with a significant increase (p = 0.0026) in the number and length of chains of Essex i76 Karangula et al. alleles associated with the high yield group at LG K but a decrease on LG I (p = 0.018). Also in the high yield group long linkats significantly increased on LG C1 (p = 0.026) and significantly decreased LG L (p = 0.03) Conversely, LG I showed a significant increase (p = 0.002) in the number and length of linkats of Forrest alleles and a significant decrease on LG K (p = 0.0003) for both mean and long linkats. Equally recombination events were depressed among both the high and low resistant lines at these LGs. Overall linkats and recombination events frequencies appeared similar in frequency across all LG of the two phenotypic sets except particular LG I and K previously associated with seed yield.
Discussion
Genome architecture associated with yield was detected in the ExF population. Most impressively the markers revealed a very strong linkat to QTL association between yield on genetic linkage group K and I. Both LGs were shown to contain QTL for seed yield (Yuan et al., 2002; Kassem et al., 2007a) . In Williams by Essex there were more recombination events and smaller linkats on LG K among high yielding cultivars compared to the population as a whole (Stephaniak et al., 2005) . Linkage group I did not differ in linkat size or recombination events in that study. The beneficial allele for the LG K QTL was from Essex (Yuan et al., 2002; Kassem et al., 2006; 2007a) and so the association with long linkats of Essex alleles may indicate a locus with several underlying genes distributed over a large region of the genome. Equally the beneficial allele for the LG I QTL was from Forrest (Yuan et al., 2002; Kassem et al., 2007a) and so the association with long linkats of Forrest alleles may indicate a locus with several underlying genes distributed over a large region of the genome. Several other yield QTL were detected on LG A2, C1, C2, J. and N but they were not associated with linkats or recombination frequency variation (Lark et al., 1995; Kassem etal., 2006; Guzman et al., 2007) . Such loci might be underlain by single genes, small gene clusters or sets of epistatic loci.
Genome architecture was associated with SCN resistance but not only at loci known to encompass QTL (LG A2, G and M; Meksem et al., 2001; Webb et al., 1995) . Linkats of Forrest alleles detected on linkage groups E and D1b in the SCN susceptible group and their absence from the SCN resistant group might be related to selection for loci that ameliorate the effect of the resistance loci, like that on LG M (Webb et al., 1995) . Equally the decrease in the number and length of chains of Essex alleles associated with the SCN resistant group around the QTL bearing regions of LG A2 and G might indicate the loci are multigenenic. However, over the entire genome linkats of Forrest alleles were not more abundant than expected.
The low incidence of polymorphism between Essex and Forrest resulted in a paucity of markers in some regions (C1, J). Gaps between markers in individual maps undoubtedly caused important linkats to be missed.. However, marker density was quite high on most of the LG reported to contain linkats here (A2, C2, G, I, K). With continued expansion of soybean yield QTL studies; additional markers need to be tested in the gaps (Shultz et al., 2007) . Further studies can be made by testing the same QTL in a different population and re-examining yield QTL identified without examining the effect of linkats (Orf et al., 1999a; 1999b; Yuan et al., 2002; Kabelka et al., 2004; Smalley et al., 2004; Guzman et al., 2007 Appl. Genet. 103, 710-717. Obermayer, R., and Greilhuber, J. (1999) 
